The Four-Strand Hamstring
Introduction
The goal of Anterior Cruciate Ligament (ACL) Reconstructive Surgery is to restore the stability of the knee to pre-injury function. Degenerative arthritis is a common long-term consequence of ACL reconstruction and has been linked to derangements in antero-posterior stability of the knee. The width of the autograft used for reconstruction is relevant for the mechanical strength, the percentage restoration of the native anatomical footprint and optimising tendon bone healing such that clinical stability of the knee can be optimised postoperatively.
The current gold standard is the Four-Strand Hamstring Tendon Autograft. A wider autograft construct may be beneficial for post-operative knee stability by providing a more robust intra-articular graft.
Hamner et al (1999) illustrated a strong positive correlation (R 2 = 0.996) between number of strands in the hamstring tendon autograft and maximum load to failure [1] . Middleton et al (2014) showed in a case series of 45 patients that commonly used grafts for single bundle ACL reconstruction did not completely restore the native femoral and tibial footprints. The average percentage of reconstructed area was 79% ± 13% for the femoral side, and 70% ± 12% for the tibial side [2] . Another study quoted the percentage of the femoral footprint covered by tunnels in cadavers to be 53.97% +/− 7.78% [3] .
Robinson et al (2009) compared the coverage of the anatomical footprint for different sizes of graft (6, 9 and 12 mm) . Increased width from 6 to 12 mm equated to an increase in coverage of the native ACL footprint from 14.7% to 58.7% for the tibial and 14.9% to 59.4% at the femoral end. Increase in graft diameter was noted to restore a larger percentage of both the anteromedial and posterolateral bundles, more effectively restoring the native tensioning patterns of each bundle. The 6, 9 and 12 mm grafts captured an average of 32%, 51% and 66% of the length change behaviour of the native ACL in the flexion cycle, with an increasing number of lateral AM fibres and central and medial PL fibres being recruited as the graft width increased, suggesting larger autograft width more effectively replicated the function of the native ACL [4] .
Westermann et al (2013) used a non-linear contact finite element model based on cadaveric data to evaluate the relationship between ACL graft size and knee joint laxity, meniscal stress, in situ graft loading, and peak articular cartilage contact pressure for graft sizes ranging from 5 -9 mm. 5 mm grafts resulted in 30% greater relative AP translation than the 9 mm graft. Furthermore larger grafts were associated with lower meniscal stress and less articular cartilage con-tact stress suggesting that wider grafts may provide greater stability to the knee and help to minimise the propagation of degenerative arthritis that is affected by excessive cartilage stress [5] .
This idea has been supported by studies suggesting that grafts with diameters equal to or below 8 mm in diameter were more likely to be revised [6] . One systematic review cited a 6.8 times greater relative risk of failure at or below 8 mm in width and noted that in the patients younger than 20 years of age grafts larger than 8 mm decreased failure rates [7] . One retrospective study showed revision was non-existent in patients of all ages with graft size >8 mm and that 18.3% of patients less than 18 years old and with a graft width of less than 8 mm underwent revision. Further studies have shown larger graft width was correlated with better subjective outcomes [8] .
Furthermore, animal models have suggested that more tendon material in the bone tunnels enhanced pull out graft strength at 6 weeks and that a tighter fit significantly increased load to failure. Moreover, more graft material in the tunnel led to a more mature tendon-bone interface histologically translating to initially stronger graft fixation in the early stages of healing [9] . There is therefore potential to achieve this effect by using a wider autograft construct however little is known as to how tighter fit affects healing and pull out strength in humans.
A novel approach to ACL reconstruction using a five-strand hamstring tendon autograft (three-strand Semitendinosus/two-strand Gracilis) has been proposed in an attempt to optimise tendon-bone healing, better restore the functional anatomy of the ACL at its footprints and provide a larger scaffold for the intra-articular remodelling process, with the potential to create a larger, stronger graft and superior knee stability [10] [11] . The shortcomings of this approach include that there must be at least 25 cm of tendon to form the construct and that the effect of larger bone tunnels on graft healing is unknown.
There is little literature assessing this graft construct clinically. Only one small retrospective study has compared anterior laxity outcomes of Four-and FiveStrand Hamstring Tendon Autografts. This study showed higher stability in the five-strand group. Mean KT-1000 side-to-side differences were 0.44 mm versus 
Hypothesis

Methods
tion only were recruited for this research. All patients referred to this surgeon within a six month period for consideration of ACL reconstructive surgery were considered for this trial. All patients included in the trial were diagnosed with ACL rupture by the orthopaedic surgeon leading the enquiry, exhibited a positive Lachmann test and met inclusion criteria (Table 1) . Patients suspected of having torn their ipsilateral MCL were not operated until sufficient healing of MCL had been agreed upon by the surgeon. Patients with suspected ipsilateral injuries to the medial and/or lateral menisci were considered for this research and details of arthroscopic treatment of any meniscal injury were recorded intraoperatively. All patients were managed by physiotherapy to ensure that inflammation had sufficiently subsided and an appropriate range of motion was achieved prior to surgery, as determined by the Consulting Surgeon. All patients were informed of the purpose of testing and consented according to a Local Ethics Committee Protocol. • Any associated ipsilateral ligament injury requiring surgery.
• Previous ipsilateral knee ligament injuries.
• Patient refusal of participation.
• Inability to consent.
• Withdrawal from study.
• Current injury or past surgery to contralateral knee for comparisons to contralateral leg. Concurrent intra-articular pathology was treated as deemed appropriate and recorded. All patients were rehabilitated according to a physiotherapy protocol offered by the leading orthopaedic surgeon.
Patients were followed up prospectively at two postoperative time points: 6 weeks (T1) and 12 weeks (T2). These time points were chosen as they represent significant milestones in the graft incorporation process. T1 has previously been shown to be the time point at which the graft is weakest and T2 has been shown to be the time point at which the proliferative phase of graft-bone healing ends and the ligamentization process begins [9] Significance was considered when p < 0.05 for all statistical tests.
Results
Clinical Results
Only one patient exhibited a clinically positive Lachman test at 6 weeks follow up in the Four-Strand group, all other patients' knees were clinically stable on examination. There were no graft failures in either group. Differences in ages and time to surgery were not statistically significant between groups (p = 0.20 and p = 0.48 respectively) ( Table 2 ). The average width of grafts in the FiveStrand group was 8.4 ± 0.5 mm and 8.7 ± 0.5 mm at the Femoral and Tibial ends compared to 8.0 ± 0.6 mm at both ends for the Four-Strand group (Table 2) .
Comparison revealed a trend to significance indifference between Femoral graft widths (p = 0.08) and a significant difference was seen between Tibial widths (p < 0.01) ( Table 2 ). 
Absolute Laxity
Analysis of absolute anterior laxity illustrated a decrease in mean laxity from the preoperative period to 6 weeks postoperatively in both groups. From 6 -12
weeks, a slight decrease in laxity was seen in the Four-Strand group and an increase in laxity was seen in the Five-Strand group (Figure 2 ). Differences in mean anterior laxity on Maximum Manual test were significantly different between graft types at 12 weeks (p = 0.01) in favour of the Four-Strand construct.
Differences were not significant preoperatively or at 6 Weeks (Table 3 ). Figure 2 . Absolute AP Translation on Maximum Manual Test. Analysis of absolute anterior laxity illustrated a decrease in mean laxity from the preoperative period to 6 weeks postoperatively in both groups. From 6 -12 weeks, a slight decrease in laxity was seen in the Four-Strand group and an increase in laxity was seen in the Five-Strand group (Figure 2 ). Differences in mean anterior laxity on Maximum Manual test were significantly different between graft types at 12 weeks (p = 0.01) in favour of the Four-Strand construct. Differences were not significant preoperatively or at 6 Weeks (Table 3 ).
Side-to-Side Differences
Both groups saw a decrease in side-to-side difference from the preoperative period to 6 weeks postoperatively, and an increase in laxity at 12 weeks (Figure 3 ). Statistically significant differences were seen between graft types for side-to-side difference on Maximum Manual test at 12 weeks (p = 0.01) in favour of the Four-Strand construct. A marginally significant result was seen between graft types at 6 weeks (p = 0.05) ( Table 3) . 
Change in Absolute Laxity over Time
Analysis Side to side difference on maximum manual test. Both groups saw a decrease in side-to-side difference from the preoperative period to 6 weeks postoperatively, and an increase in laxity at 12 weeks (Figure 3 ). Statistically significant differences were seen between graft types for side-to-side difference on Maximum Manual test at 12 weeks (p = 0.01) in favour of the Four-Strand construct. A marginally significant result was seen between graft types at 6 weeks (p = 0.05) ( Table 3 ).
Change in Side-to-Side Difference over Time
Analysis (Table 4) . 
Correlations
No significant correlations were seen between graft width at Femoral and Tibial ends, and AP Translation or Side-to-Side Difference at any time point (Table 5) .
Furthermore, no significant correlations were seen between graft widths and change in laxity over time. This was consistent for when all graft types were considered together and when Four-and Five-Strand grafts were analysed separately.
There was a trend to significance in the Five-Strand group suggesting that as Femoral graft width increased in this group, change in anterior laxity from 6 -12 weeks increased (Pearson r = 0.555, p = 0.10) ( Table 6 ).
Discussion
Clinically, both groups illustrated evidence of anterior stability by 6 weeks with only one patient in the Four-Strand group illustrating a positive Lachman Test.
There were no graft failures in the first 12 weeks. Instrumented testing of AP (Table 4) . Table 5 . Correlations between graft widths at tibial and femoral ends, and anterior laxity and side-to-side differences. Data presented as correlation coefficient with significance value in parentheses. There are a number of possible explanations for this. Firstly, the rationale for the five-strand construct is centred on maximising graft width in patients with small hamstring diameters. In forming the Five-Strand graft, an increase in width and a potentially larger amount of tendon material in the tibial tunnel is achieved leading to a more mature tendon-bone interface histologically and therefore initially stronger graft fixation in the early stages of healing. This is consistent with evidence from animal studies [9] . It may be the case however that an increase in tendon material in the bone tunnel is detrimental to tendon-bone healing after 6 weeks in humans, as illustrated by significant differences in anterior laxity and side-to-side differences at 12 weeks, and change in anterior laxity from 6 -12 weeks in favour of the Four-Strand group. Histological analysis of bone healing between groups would shed more light on this question and should be considered for further research.
Cadaveric studies have established that commonly used autograft sizes do not correlate with either area of the native footprint of the ACL, or the size of the lateral wall of femoral intercondylar notch and tibial plateau. Therefore these results may illustrate that increasing the diameter of the graft in patients with small hamstring tendons may create bone tunnels that are too large relative to surrounding anatomy [17] [18] . Current evidence has suggested that graft sizes <8 mm are more likely to fail, particularly in younger patients (6) . As mean graft widths were greater than 8 mm in both groups and a trend was evident suggesting larger graft widths were disadvantageous to maintaining levels of laxity from 6 -12 weeks in the Five-Strand group, it is possible that there is a finer balance in achieving an optimal graft width than previously thought. That is, the width of the graft should be large enough to avoid failure but not so large that it is potentially detrimental to tendon-bone healing and antero-posterior stability of the knee. The relationship between optimal graft size, area of coverage of native anatomical footprints of the ACL and anterior stability of the knee should be considered for further research.
There are a number of important considerations with regards to limitations of this study. Firstly, this was designed as a short-term study to closely analyse the differences between graft constructs during crucial parts of the immediate phase remodelling and incorporation of the new graft into the surrounding bone. Animal and human studies in sheep have shown that strength of the graft increases with time [19] [20], however data from later time points is needed to answer the question as to how anterior stability will differ between these two groups up to 2 -5 years post operatively and how graft width will be associated with graft failure rates.
Secondly, this surgical method dictated a cut off point for forming the FiveStrand construct of less than or equal to 8 mm width and therefore these results are most relevant for this surgical method. A greater element of generalizability could be achieved by randomisation between graft types, which would allow for a potentially greater disparity in graft widths between the groups and elimination of selection bias. Lastly, the sample size of this trial was small and repeated trials with larger samples in larger centres will be required to confirm the findings of this trial and enhance its generalizability.
Conclusion
This study illustrated that there was no benefit to use a Five-Strand Hamstring
Tendon Autograft when compared to the gold standard Four-Strand Repair, specifically with regards to anterior stability of the knee in the first 12 weeks postoperatively.
